The development of novel separation and detection methods by using external forces is one of the innovative subjects in Analytical Chemistry. The effect of force on the breakage of the ligand-receptor interaction was suggested by Bell et al. in 1978;  1 and his idea was further exemplified by simulations. 2 Experimental studies have been initiated by the development of atomic force microscopy (AFM) in 1980s, which could evaluate chemical interactions in single molecular levels with the measurement of force as a function of time. 3 However, dynamic force spectroscopy using the AFM technique required a sophisticated pretreatment of a cantilever and substrate surface as well as expensive instruments. Recently, we have proposed alternative approaches to measure the chemical interactions by applying external forces to probe particles. 4, 5 The surface-enhanced Raman scattering (SERS) spectral change of cysteamine-modified magnetic particles bound to silver nanoparticles on a glass plate was observed by applying a magnetic stretching force, and a force-induced shift of the trans-gauche equilibrium was concluded. 4 The dissociation probability of yeast cells bound to the lectin-treated fused silica surface was measured by applying an electromagnetic pulling force, and the kinetic activation parameters for the dissociation of yeast-lectin interactions were evaluated. 5 These studies proved some advantages of the magnetic force methods over the AFM method: 1) no direct contact to the particles, 2) more sensitive than AFM, and 3) a closed or flow system available.
Today, a quartz crystal microbalance (QCM) has been extensively used as a sensitive and conventional detection method of the weight of adsorbed molecules and the affinity of specific substances on the electrode surface. 6 However, up to now, there are only limited reports concerning the combination of QCM and an external force, like a magnetic force, though magnetic forces have been applied for the separation of diamagnetic particles, called magnetophoresis. [7] [8] [9] [10] No report has been found on the application of QCM for the detection and analysis of chemical interactions by applying a magnetic field.
In the present study, we attempted to develop a magnetic force QCM method to detect the dynamic interactions between chemically modified magnetic particles, and obtain the activation parameters for the dissociation of interactions.
An outline of the QCM apparatus is shown in Fig. 1A , which was constructed by using a commercially available QCM electrode (9 MHz, 5.0 mm Au diameter and 9.0 mm quartz diameter electrode, AT cut, 182.25 ± 0.12 μm in thickness, Seiko EG&G, Japan) attached to an adaptor (QCA922-10, Seiko EG&G). The AT cut quartz is known to be less affected by any temperature change. 11 The metal holder of the electrode was replaced by a diamagnetic holder made of glass and brass to delete the influence of the magnetic attraction force on the electrode. The electrode was positioned correctly to the center of the pole piece gap with 0.4 mm distance in the magnetic circuit (3.5 T) by an electronic xyz stage (MS-C2, Chuo Precision Industrial Co., Japan), monitored by two CCD cameras (Watec, Japan) and a video monitor system from the horizontal x and y directions. The QCM electrode and the magnetic circuit were set in a thermostated air chamber. The frequency of the QCM electrode was read by a QCM analyzer (QCA 922, Seiko EG&G). To minimize the proximity effect of the magnetic circuit for the QCM frequency, two different types of magnetic circuits with different tip areas of the pole piece (0.4 × 0.4 mm and 4 × 4 mm) as well as a replica of the magnetic circuit (4 × 4 mm pole piece area) made of aluminium were examined. When the QCM electrode was inserted into the magnetic circuit and the replica, which had a pole piece tip area of 4 × 4 mm, it showed frequency lowering of about 170 Hz, irrespective of the magnetic field, as shown in Fig. 2 . On the other hand, a magnetic circuit with a 0.4 × 0.4 mm pole piece tip area showed a negligibly small frequency change (Fig. 2) . The proximity effect is thought to be a kind of electrostatic attraction due to the generation of electric capacity between the QCM electrode and the pole piece wall.
12,13 Therefore, we used a 3.5-T magnetic circuit with a 0.4 × 0.4 mm pole piece area thereafter (Fig. 1C) .
The Au electrode on a quartz plate was loaded by different amounts of the modified magnetic ferrite particles. The magnetic particles (Tamagawa Seiki Co. Ltd., Japan), which † To whom correspondence should be addressed. The magnetic-force quartz crystal microbalance (QCM) method was attempted for the dynamic evaluation of chemical interactions. Thiol-modified magnetic particles bound to a QCM gold electrode of less than three layers were pulled by a magnetic force, and the dissociation dynamics of the magnetic particles was measured based on the change in the weight as a function of time under different temperatures. From an analysis of the dissociated layers and the activation energy for the dissociation, the chemical interactions between particles were evaluated. 
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were 200 nm in diameter, 1.35 g/cm 3 in density, 14 emu/g for saturated magnetization, and covered with poly-glycidylmethacrylate (Poly-GMA), were treated with cystamine and tris(2-carboxyethyl)phosphine hydrochloride to convert the surface epoxy groups to thiol groups (Fig. 1B) . A 10-μL portion of the magnetic nanoparticles dispersed in water was dropped and spread on an Au electrode, dried in air and washed with 10 mL ethanol. Then, the weight of the adsorbed nanoparticles after drying was measured from the frequency change by using the Sauerbrey equation. Three QCM samples were prepared with different average particle layers of 0.90, 1.32 and 2.25, which were calculated from the observed weight and the estimated weight of 3.21 μg for filling the surface area of the Au electrode with particles of 200 nm in diameter. When the electrode was inserted into the gap of the pole pieces of the magnetic circuit, as shown in Fig. 1C , the magnetic particles were pulled by magnetic force. The magnetic force, Fm, working on a particle under the present condition, was estimated by the equation, Fm = ms∇B, where ms is the saturated magnetic moment and ∇B is the magnetic field gradient. Under a maximum magnetic field gradient of 1800 T/m, the force was calculated as 0.14 pN per particle, neglecting interparticle attractions. It was thought that the magnetic pulling force was constant under the present temperature conditions, since the temperature coefficient of the Nd-Fe-B magnet is as small as -0.11%/K. 14 At first, the change in the weight at 25.9 C was measured under the magnetic force for 2 h. As shown in Fig. 3A, 8 .67 ng of the particles were removed after 2 h from the Au electrode in a sample of 2.3 layers. However, we observed no decrease in the other samples with 1.3 and 0.9 layers. This means that only the second layer can be removed by the magnetic pulling force at 25.9 C. The first-order rate constant, k, for the dissociation in the 2.3 layer sample was obtained according to the rate equation, 
where N0, Nt, and N are the number of particles at time zero, t and the equilibrium state, respectively. The analysis of the weight change in Fig. 3A gave a rate constant of 5.52 × 10 -4 s -1 for the 2.3 layer electrode. Since the dissociation of particles from the electrode was thought to be assisted by thermal energy, we elevated the temperature and measured the frequency change. In Figs. 3B and 3C , the results of dynamic QCM measurements at 38.9 and 54.3 C are shown, respectively. At 38.9 C, still only the 2.3-layer sample showed a frequency shift with a faster rate than that at 25.9 C. At 54.3 C, the 1.3-layer sample also showed a decrease in the weight, though it was slower than the 2.3-layer sample. These results indicated that the 1.3-layer sample could release particles at elevated temperature, though the rate constant is small. The 0.9 layer sample never showed a frequency shift due to the dissociation of particles. This proved that the first layer of the particles was strongly bound to the Au surface with Au-S bonding. The observed dissociation rate constants for the 2.3-layer electrode at three different temperatures were plotted against the inverse of the absolute temperature according to the Arrhenius equation (see Fig. 4 ). Although the number of data was limited, the value of 21 kJ/mol was obtained from the slope as the activation energy for the dissociation of the magnetic particles.
In a previous study, we suggested that the pulling force can complement the thermal activation energy for the dissociation of chemical interactions 5 and the shift of the chemical equilibrium. 4 The effect of the pulling force, F, on the dissociation rate of the chemical interactions is to decrease the activation free energy, as suggested by Bell. 1 The activation energy, ΔG (F, T), under a pulling force of F per particle at T can be represented by
where ΔG (0, T) is the activation energy per mol of the interacting molecules without the pulling force at T, NA Avogadro's number, N the number of interacting molecules per particle, and Δx the critical increment of the interaction distance that leads to breakage. The value of FΔxNA/N is expected to be about 6 J/mol, when one assumes that N = 1, Δx = 0.1 nm (Ref. 4) and F = 0.1 pN as the order of the estimated values. Fig. 3 Frequency changes observed at A) 25.9, B) 38.9, and C) 54.3 C for the QCM electrodes with three different magnetic particle layers in average; 0.9 layers (black), 1.3 layers (green), and 2.3 layers (red). Therefore, the decrease of the activation energy caused by the magnetic force on a single particle is thought to be negligibly smaller than the observed activation energy of 21 kJ/mol from the Arrhenius plot. Thus, the role of the magnetic pulling force in the present systems is less effective for the promotion of dissociation, but is effective to remove dissociated particles from the surface of the QCM electrode. The assignment of an activation energy of 21 kJ/mol, which will be an enthalpic interaction, is not definitive in the present situation, but can be related to the hydrogen bonding energy (10 -30 kJ/mol) between the polar groups of S-H, N-H and O-H on the surface of the magnetic particles (Fig. 1B) .
In conclusion, the magnetic force assisted temperature variable QCM method could measure the dissociation dynamics of the surface modified magnetic particles and determine the activation energy related to the dissociation of the interactions between the thiol modified epoxy groups. This method will be applied to dynamic evaluations of various types of chemical interactions, including hydrogen bonding, charge transfer interaction and coordination bonds as well as many biological interactions. Hopefully, the magnetic property of the molecules on a QCM electrode should be evaluated in a future study.
